The GTPase dynamin I is required for synaptic vesicle (SV) endocytosis. Our observation that dynamin binds to the SV protein synaptophysin in a Ca 2؉ -dependent fashion suggested the possibility that a dynamin͞synaptophysin complex functions in SV recycling. In this paper we show that disruption of the dynamin͞ synaptophysin interaction by peptide injection into the squid giant synapse preterminal results in a decrease in transmitter release during high-frequency stimulation, indicating an inhibition of SV recycling. Electron microscopy of these synapses reveals a depletion of SVs, demonstrating a block of vesicle retrieval after fusion. In addition, we observed an increase in clathrin-coated vesicles, indicating that the peptide does not block clathrin-dependent endocytosis. We conclude that the dynamin͞synaptophysin complex functions in a clathrin-independent mechanism of SV endocytosis that is required for efficient synaptic transmission. L ocal recycling of synaptic vesicles (SVs) at nerve terminals is essential to synaptic function. In the classical model of SV endocytosis, the vesicle collapses into the plasma membrane following transmitter release and is then retrieved at a site away from the active zone by a clathrin-dependent mechanism involving the GTPase dynamin (1). The importance of clathrindependent recycling at synapses is well established (2-6). A second model of SV recycling, called rapid endocytosis or ''kiss-and-run,'' postulates that endocytosis is closely coupled to exocytosis (7-9). In this model, the SV does not collapse into the plasma membrane following transmitter release, but instead is rapidly retrieved at the active zone by a clathrin-independent mechanism. Although several reports indicate that secretory granules as well as SVs can be endocytosed very quickly (10-15), there is no data indicating that rapid, clathrin-independent endocytosis of SVs is important to synaptic function.
The GTPase dynamin I is required for synaptic vesicle (SV) endocytosis. Our observation that dynamin binds to the SV protein synaptophysin in a Ca 2؉ -dependent fashion suggested the possibility that a dynamin͞synaptophysin complex functions in SV recycling. In this paper we show that disruption of the dynamin͞ synaptophysin interaction by peptide injection into the squid giant synapse preterminal results in a decrease in transmitter release during high-frequency stimulation, indicating an inhibition of SV recycling. Electron microscopy of these synapses reveals a depletion of SVs, demonstrating a block of vesicle retrieval after fusion. In addition, we observed an increase in clathrin-coated vesicles, indicating that the peptide does not block clathrin-dependent endocytosis. We conclude that the dynamin͞synaptophysin complex functions in a clathrin-independent mechanism of SV endocytosis that is required for efficient synaptic transmission. L ocal recycling of synaptic vesicles (SVs) at nerve terminals is essential to synaptic function. In the classical model of SV endocytosis, the vesicle collapses into the plasma membrane following transmitter release and is then retrieved at a site away from the active zone by a clathrin-dependent mechanism involving the GTPase dynamin (1) . The importance of clathrindependent recycling at synapses is well established (2) (3) (4) (5) (6) . A second model of SV recycling, called rapid endocytosis or ''kiss-and-run,'' postulates that endocytosis is closely coupled to exocytosis (7) (8) (9) . In this model, the SV does not collapse into the plasma membrane following transmitter release, but instead is rapidly retrieved at the active zone by a clathrin-independent mechanism. Although several reports indicate that secretory granules as well as SVs can be endocytosed very quickly (10) (11) (12) (13) (14) (15) , there is no data indicating that rapid, clathrin-independent endocytosis of SVs is important to synaptic function.
Dynamin I interacts with the C-terminal cytoplasmic tail of synaptophysin (SYP) at Ca 2ϩ concentrations (Ϸ150 M) found only at sites of SV fusion (C.D. and E.B.Z., unpublished observations). This finding suggested the possibility that SYP recruits dynamin to the vesicle membrane during rapid endocytosis at the active zone rather than during clathrin-dependent endocytosis, which takes place away from active zones (16) where Ca 2ϩ concentration is not expected to be elevated. In this study, we employ the squid giant synapse to demonstrate a function for the dynamin͞SYP complex in vesicle retrieval.
Materials and Methods
Immunoblots. Squid optic lobe extracts were immunoblotted with a polyclonal Ab against the last 13 aa of human SYP (SV063; Stressgen Biotechnologies, Victoria, Canada) at 1 g͞ml, a mAb against the C terminus of bovine SYP (SY38; Boehringer Mannheim) at 0.5 g͞ml, a mAb against the proline-rich domain of rat dynamin I (D25520; Transduction Laboratories, Lexington, KY) at 0.5 g͞ml, and a polyclonal Ab (anti-Pan 65) against a conserved region of the dynamin I N-terminal domain (17) (gift of M. McNiven) at 1:1000 dilution.
Electrophysiology. Experiments were performed at the Marine Biological Laboratory in Woods Hole, MA, using the giant synapse of the stellate ganglion of squid (Loligo Pealii). The isolation of the stellate ganglion and the electrophysiological techniques used have been described previously (18, 19) . The glutathione S-transferase (GST)-SYP fusion protein contains the cytoplasmic C-terminal tail of SYP (aa 219-307), to which dynamin binds (C.D. and E.B.Z., unpublished observations). GST and GST-SYP were purified on glutathione-agarose beads, eluted with 10 mM glutathione, and dialyzed against PBS (pH 8.0). The proteins were then conjugated to FITC by incubation with FITC succinimidyl ester (Molecular Probes) in sodium bicarbonate buffer (pH 8.3). FITC-labeled proteins were separated from free dye by extensive dialysis against PBS (pH 7.4). The injection fluid contained GST or GST-SYP at Ϸ1.5 mg͞ml (Ϸ37.5 M GST-SYP) in 0.5 M K ϩ Acetate and 0.1 M Hepes (pH 7.2). The proteins were pressure injected into the largest (most distal) presynaptic terminal digit. The exact location of injection and the diffusion and steady-state distribution of the labeled proteins in the presynaptic terminal were monitored by using a fluorescence microscope attached to a Hamamatsu (Middlesex, NJ) camera system. In all experiments a correlation was made between the localization of the fluorescent proteins and the electrophysiological findings. Data were obtained from 13 GST-SYP-injected synapses and from 7 GST-injected synapses. In every case, GST-SYP had a large effect on transmitter release, relative to GST.
Electron Microscopy. The ganglia were removed from the electrophysiology recording chamber, fixed by immersion in gluteraldehyde, postfixed in osmium tetroxide, stained in block with uranium acetate, dehydrated, and embedded in resin Embed 812 (EM Science). Ultrathin sections were collected on Pyoloform (Ted Pella, Redding, CA) and carbon-coated single sloth grids and contrasted with uranyl acetate and lead citrate. Morphometry and quantitative analysis of the SVs were performed with a Zidas digitizing system (Zeiss) interfaced with a Macintosh G3 computer. Electron micrographs were taken at an initial magnification of ϫ16,000 and ϫ31,500 and photographically enlarged to a magnification of ϫ40,000 and ϫ79,000 for SV and clathrin-coated vesicle (CCV) counting, respectively. Vesicle density at the synaptic active zones was determined as the number of vesicles per m The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
active zones were counted for each synapse represented in Table 1 .
Results

Disruption of the Dynamin͞SYP Interaction Causes an Inhibition of SV
Recycling. We tested the involvement of the dynamin͞SYP complex in SV recycling by blocking the interaction in the squid giant synapse preterminal and assessing the effect this has on neurotransmitter release. Injection of a fusion protein (GST-SYP) containing the dynamin-binding region of SYP (the C-terminal cytoplasmic tail) should compete with endogenous SYP for dynamin binding, thereby blocking recruitment of dynamin to SV membranes. If this resulted in an inhibition of SV endocytosis, the vesicle pool would be depleted during high-frequency stimulation, resulting in a decrease in transmitter release. To ensure the relevance of disrupting a dynamin͞SYP complex in squid, we confirmed that both proteins are expressed in squid, are exactly the same size as the mammalian proteins, and share multiple epitopes with the mammalian proteins ( Fig. 1) . We assessed the effects of GST or GST-SYP on transmitter release during trains of high-frequency stimulation ( Fig. 2) . At Ϸ1, 5, 10, 15, and 25 min after injection, the synapses were stimulated as follows: 1 train of action potentials at 50 Hz for 750 ms, 1 min of rest, 1 min of continuous stimulation with the 50 Hz, 750-ms trains separated by 1.5-s intervals, 1 min of rest, and 1 final train of action potentials at 50 Hz for 750 ms. By the end of the 1-min continuous stimulation (given at 15 min after injection), GST-SYP caused a significant inhibition of transmitter release during the action potential trains, relative to GST (Fig. 2B, Middle) . Even during the final, single train of action potentials, after a full minute of rest, transmitter release in the presence of GST-SYP was reduced (Fig. 2B, Bottom) . The reduction in transmitter release was not due to a modification of the amplitude or duration of the presynaptic action potential, which was unaffected by GST-SYP (Fig. 2 A) . GST-SYP did not inhibit the vesicle fusion mechanism because the postsynaptic response to single stimuli was unaffected (Fig. 2 A) . In addition, the kinetics of the inhibition of the postsynaptic response during a train of action potentials suggest a reduction in vesicle availability rather than an impairment of vesicle fusion (Fig. 2B) . Thus, GST-SYP inhibits the ability of the synapse to maintain transmitter release during high-frequency stimulation and inhibits recovery of release capability during a 1-min rest period following stimulation. One possible explanation of these effects is that GST-SYP blocks SV endocytosis, resulting in a depletion of the vesicle pool.
To quantify the magnitude of the effect of GST-SYP on transmitter release, we performed postsynaptic voltage-clamp experiments. In Fig. 3 A and B, the effects of GST or GST-SYP on the amplitude of the postsynaptic current during the final, single train of action potentials, given after 1 min of continuous stimulation and 1 min of rest, are compared at various times after injection. At Ϸ30 min after injection, in the presence of GST-SYP, but not GST, there was a dramatic reduction in transmitter release during the final stimulus train, indicating a failure to recover release capability following the 1-min continuous stimulation (Fig. 3 A and B, Bottom) . GST-SYP had no effect on the presynaptic action potential (Fig. 3B, Top) . Fig. 3 C and D illustrate the progressive nature of the effect of GST-SYP. The traces depict the amplitude of the postsynaptic current as a function of time during the final train of action potentials at various times after injection. In the presence of GST-SYP there was a decrease in amplitude and an increase in the rate of decline of the postsynaptic current with each successive set of stimulus trains (Fig. 3D, Top) . These changes were much more pronounced than those observed in the presence of GST (Fig. 3C,  Top) . The rate of decline of the postsynaptic current during the final train of action potentials can be described by two time constants. The very rapid initial decline in current amplitude during a stimulus train (Fig. 3 C and D, Middle) presumably reflects depletion of the docked and primed pool of SVs. Once this pool is depleted, SVs can become available for release through priming of already-docked vesicles. The decline of this second phase of release during a stimulus train (Fig. 3 C and D, Bottom) was much slower. Quantitation of the areas under the curves in Fig. 3 C and D (Middle and Bottom) , which is a measure of the relative amounts of transmitter released during the stimulus trains, allows a direct assessment of the effects of GST and GST-SYP on the two components of the release process (Fig. 3E) . In the presence of GST-SYP, the fast component of release was reduced by Ϸ90% (compared with no reduction in the presence of GST), whereas the slow component was reduced by Ϸ60% (compared with a 20% reduction in the presence of GST). Thus, GST-SYP dramatically inhibits the ability of synapses to recover release capability following high-frequency stimulation. This inhibition could be explained by a block of vesicle retrieval, resulting in a decrease in the number of vesicles available to refill the docked pool. Fig. 3F illustrates the reversibility of the effects of GST-SYP injection. The traces depict the amplitude of the postsynaptic current during the final train of action potentials given at the indicated times after injection. At 46 min after injection, the amplitude of the postsynaptic current was dramatically reduced (Fig. 3F) . After Ϸ3 h of rest, which allows for dilution of GST-SYP by diffusion in the axon, the synapse was stimulated again (3 h, 48 min). The inhibition of transmitter release was completely reversed (Fig. 3F) . Thus, the effects of GST-SYP on SV recycling (Figs. 2 and 3) are not the result of irreversible damage to synapses.
Disruption of the Dynamin͞SYP Interaction Results in a Depletion
of the SV Pool During High-Frequency Stimulation. The inhibitory effects of GST-SYP on transmitter release during highfrequency stimulation could result from inhibition of any step in the SV recycling pathway, e.g., endocytosis, refilling of vesicles with transmitter, or docking. A block of vesicle retrieval, but not a block of the other steps in recycling, would result in a depletion of the vesicle pool. To assess whether GST-SYP blocks SV endocytosis, synapses injected with GST or GST-SYP were stimulated at high-frequency, fixed immediately, and processed for electron microscopy. Two effects of GST-SYP, relative to GST, were apparent. First, there was a large reduction in the size of the total vesicle pool (Fig. 4 , Table 1 ) and in the number of docked vesicles (Fig. 4, Table  1 ). Note the regularly spaced clusters of SVs at active zones in GST-treated synapses (Fig. 4 C and D) and their virtual absence in GST-SYP treated synapses (Fig. 4 A and B) . This finding indicates that the inhibition of transmitter release by GST-SYP ref lects a block of SV endocytosis and a depletion of the vesicle pool. Thus, formation of a dynamin͞SYP complex is required for SV endocytosis.
In addition, there was a large increase in the number of CCVs (Fig. 4, Table 1 ), indicating that GST-SYP does not block clathrin-dependent endocytosis, and therefore that the dynamin͞SYP complex functions in a clathrin-independent mechanism of endocytosis. We interpret the increased number of CCVs as reflecting an increased rate of CCV formation. Presumably, the block of rapid endocytosis causes a greater number of the fused SVs to be recycled by the clathrin-dependent pathway. A model depicting our interpretation of the effects of GST-SYP on the vesicle pool and on transmitter release is shown in Fig. 5 .
Discussion
The data presented in this report indicate that the dynamin͞SYP complex functions in a mechanism of SV endocytosis that is apparently clathrin-independent. In addition, our data indicate that this mechanism is required for efficient synaptic transmission, because the clathrin-dependent recycling pathway is not sufficient, under the conditions of our experiments, to maintain an adequate supply of releasable vesicles. The traces in the Top panels show the amplitude of the postsynaptic current as a function of time during the final train of action potentials, given at the indicated times after injection of GST or GST-SYP. The curves were fit to records like those shown in A and B (Middle and Bottom panels) by using a double exponential fitting method, i.e., the rate of decline of the current amplitude during the final train of action potentials is described by two time constants. The traces in the Middle panels depict the fast component of the decline, whereas the traces in the Bottom panels depict the slow component of the decline. (E) The relative areas under the curves in C and D (Middle and Bottom panels) were quantitated, giving a measure of the relative amounts of transmitter released during the stimulus trains. The relative areas for the fast and slow components of the release process at the indicated times after injection are shown. (F) The synapse was injected with GST-SYP and stimulated according to the protocol described above (except at 100 Hz, with a 2-s interval between stimulus trains during the 1-min continuous stimulation) at 1, 6, 11, 16, 26, 31, 36 , and 46 min after injection. The synapse was then stimulated once more after Ϸ3 h of rest. The traces show the amplitude of the postsynaptic current as a function of time during the final train of action potentials given at the indicated times after injection.
Our conclusion that the dynamin͞SYP complex mediates clathrin-independent endocytosis is derived from the morphological data in Fig. 4 , which shows an increase in the number of CCVs in the presence of GST-SYP. We interpret this increase as ref lecting an increased rate of CCV formation. An alternate interpretation, because many of the CCVs are close to the plasma membrane, would be that their accumulation ref lects a block of fission from the membrane. We view this possibility as being extremely unlikely for several reasons. First, many of the CCVs have pinched off from the plasma membrane (see Inset in Fig. 4B for particularly clear examples of pinched off CCVs in GST-SYP treated synapses). Thus, the morphological phenotype we observe is quite distinct from that observed when dynamin recruitment to sites of CCV formation is blocked by an amphiphysin SH3 domain peptide (4) . In that study, there were virtually no CCVs separated from the plasma membrane.
Second, even in control synapses, the CCVs are very close, or attached to, the plasma membrane (Fig. 4C, arrows) . This finding suggests that once a CCV has pinched off, it uncoats very rapidly. Thus, the localization of many CCVs close to the membrane in GST-SYP-treated synapses does not necessarily indicate a block of CCV fission. This conclusion is supported by the presence of numerous uncoated vesicles directly behind the CCVs in the GST-SYP-treated synapses (Fig. 4B) . The very close proximity of these uncoated vesicles to the CCVs at the membrane, and the fact that they are not at active zones, strongly suggest that they arose via uncoating of newly pinched off CCVs. Again, it is instructive to compare our phenotype with that observed after injection of the amphiphysin SH3 domain (4) . In that study, there were no uncoated vesicles behind the accumulated coated pits at the membrane, consistent with a block of CCV fission. The only uncoated vesicles observed were clustered at active zones. Thus, it is very difficult to explain the large number of uncoated vesicles in the GST-SYP-treated synapses, localized away from the active zone and directly behind the CCVs at the membrane, if one postulates that clathrindependent endocytosis is arrested at the coated pit stage.
Third, the interaction of dynamin with SYP requires Ca 2ϩ concentrations found only at sites of vesicle exocytosis (C.D. and E.B.Z., unpublished observations). Although the injected GST-SYP fusion protein was distributed diffusely throughout the entire preterminal, it should only bind dynamin transiently at vesicle release sites immediately after Ca 2ϩ influx. Thus, it is highly unlikely that GST-SYP could interfere with dynamin function (i.e., bind dynamin) during fission of CCVs, which occurs away from active zones (16) and which is not dependent on elevated Ca 2ϩ concentration (20) . Our data are therefore most consistent with an increased rate of formation of CCVs in GST-SYP treated synapses, and not with a block of fission of CCVs.
Other Evidence for Clathrin-Independent Endocytosis. Several lines of evidence suggest, albeit indirectly, the existence of a clathrinindependent mechanism of SV endocytosis. First, the number of CCVs present in nerve terminals is not correlated with the extent of stimulation (21), suggesting that a clathrin-independent pathway operates in parallel. Our own data also indicate a lack of correlation between CCV number and stimulation intensity. The number of CCVs͞m 2 in the GST-1 and GST-2 synapses was essentially the same, despite the fact that the GST-2 synapse was stimulated much more extensively just before fixation (Table 1) .
Second, studies of the kinetics of SV retrieval indicate that rapid endocytic events, with a time constant of Ϸ2 s, can be detected (11, 14) . Although such studies do not directly address the molecular mechanisms underlying endocytosis, they at least suggest the possibility of a clathrin-independent mechanism, because clathrin-dependent endocytosis at synapses appears to proceed with a time constant of Ϸ20 s (22) .
Third, at frog motor nerve terminals, the kinase inhibitor staurosporine appears to promote, via an unknown mechanism, kiss-and-run recycling (23) . In staurosporine-treated terminals, vesicle fusion is accompanied by neurotransmitter release but not by release of the styryl dye FM1-43 (23) . This finding suggests a rapid opening and closing of the fusion pore, which does not allow escape of FM1-43. During a 10-Hz, 5-min stimulation in the presence of staurosporine, very few vesicles incorporated horseradish peroxidase present in the medium, suggesting that recycling was not via collapse of vesicles into the plasma membrane and internalization in CCVs (23) .
The Role of Ca 2؉ in Endocytosis. In our model of rapid endocytosis, the high Ca 2ϩ concentration at SV release sites triggers vesicle retrieval by promoting recruitment of dynamin to the vesicle by SYP. The role of Ca 2ϩ in endocytosis has been somewhat controversial. One report indicates that Ca 2ϩ inhibits endocytosis in goldfish retinal bipolar neurons (24) . However, such inhibition is not seen in other systems (22, 25) . In fact, Ca 2ϩ appears to promote rapid endocytosis of both SVs (14) and chromaffin granules (10, 12, 15) .
Recently, it has been shown that high Ca 2ϩ concentrations (Ϸ30 M) inhibit the GTPase activity of dynamin (26) and inhibit the ability of dynamin to vesiculate liposomes in vitro (27) . Inhibition at such a high Ca 2ϩ concentration is clearly relevant to the rapid endocytic mechanism proposed here and not to dynamin function in clathrin-dependent recycling. This inhibition of dynamin GTPase activity was proposed to ''shunt'' the site of vesicle fission away from the active zone, where Ca 2ϩ levels are not so high (27) . However, because high Ca 2ϩ microdomains disappear very rapidly (Ϸ1 ms) (28), it seems Vesicle numbers are the mean number of synaptic vesicles per m 2 , clustered at active zones (mean Ϯ SEM). Docked vesicles are defined as those within 0.1 vesicle diameters of the plasma membrane at the active zone. Coated vesicle numbers are the mean number of CCV per m 2 . The GST-1 and SYP-1 synapses were stimulated 25 min after injection for 1 min continuously (50 Hz, 750-ms trains with a 1.5-s interval between trains), allowed to rest for 1 min, and then given one final train of action potentials before fixation. The GST-2 and SYP-2 synapses were stimulated for 3 min continuously 50 min after injection and then fixed. Average GST and average SYP are averages of the values from the two GST-injected and GST-SYP-injected synapses, respectively.
Fig. 5.
Model for the effects of GST-SYP on the vesicle pool and on neurotransmitter release. In control synapses stimulated at high-frequency (Upper), many vesicles are recycled by rapid endocytosis (RE) and some collapse into the membrane and are retrieved by clathrin-mediated endocytosis (CME). When rapid endocytosis is blocked (Lower), more of the fused SVs are forced to recycle via CCVs. Because the clathrin pathway is slower, the result is a temporary redistribution of SV membrane from the active zone to the clathrin-dependent recycling pathway. The depletion of vesicles at the active zone results in a decrease in transmitter release.
unlikely that the inhibition would shift the site of vesicle retrieval very far from the release site. Instead, given the high intrinsic GTPase activity of dynamin (29) , it is possible that high Ca 2ϩ serves to keep dynamin ''active'' (GTP bound) while it forms a ring in preparation for fission. As soon as the Ca 2ϩ microdomain dissipates, endocytosis could proceed.
Regulation of Endocytosis at Synapses. Given that synapses have two endocytic mechanisms at their disposal, an important issue is how the use of these pathways is regulated. Two studies suggest that the frequency of stimulation determines which endocytic mechanism is used (11, 14) . Synaptic activity might induce modifications of proteins involved in the endocytic mechanisms, resulting in enhancement or inhibition of their function. In fact, several proteins involved in clathrin-dependent endocytosis (including dynamin) undergo activity-dependent dephosphorylation (30) (31) (32) (33) , which may activate this pathway (34-36). As mentioned above, the kinase inhibitor staurosporine appears to promote rapid endocytosis, suggesting that this pathway is regulated by the phosphorylation state of a protein(s) (23) . A major challenge for the future will be to determine whether rapid endocytosis is modulated by synaptic activity and to define signaling pathways involved in such modulation.
The data presented in this study indicate that synapses have evolved a highly specialized mechanism of endocytosis, which relies on the high Ca 2ϩ concentration at sites of SV fusion and on the SV-specific protein SYP. Our results suggest that rapid, clathrin-independent endocytosis, by efficiently maintaining the pool of releasable vesicles, plays a major role in ensuring reliable synaptic transmission.
